takes place at the endoplasmic reticulum (ER) membrane (22) . The synthesis of the lipid-linked Man 5 GlcNAc 2 intermediate occurs at the cytoplasmic face of the ER, and nucleotide-activated sugars serve as donors for the glycosyltransferases involved in this process. The oligosaccharide assembly is completed at the luminal leaflet of the ER membrane. The lipid-linked Man 5 GlcNAc 2 intermediate, and Dol-P-Man as well as Dol-P-Glc, the substrates of the luminal glycosyltransferase reactions, are translocated across the membrane in the socalled flipping processes (23) . The complete oligosaccharide is the preferred substrate for the enzyme complex oligosaccharyltransferase (OTase), which transfers the oligosaccharide from the lipid carrier to selected asparagine residues of nascent polypeptide chains (24) (25) (26) . However, the OTase will also transfer biosynthetic intermediates, albeit with a reduced efficiency (25) . The terminal α-1,2 glucose residue of the lipid-linked Glc 3 Man 9 GlcNAc 2 oligosaccharide is an essential element in substrate recognition by the OTase complex (27) . The incomplete but glucosylated Glc 3 Man 5 GlcNAc 2 oligosaccharide is transferred to protein more efficiently than Man 5 GlcNAc 2 oligosaccharide (28) .
In this study, we present the identification of a novel type of CDG (CDG-If) found in three unrelated patients. When lipid-linked oligosaccharide (LLO) intermediates isolated from these patients were analyzed, we detected the accumulation of dolichylpyrophosphate-linked Man 5 GlcNAc 2 , Glc 3 Man 5 GlcNAc 2 , Man 9 GlcNAc 2 , and Glc 3 Man 9 GlcNAc 2 LLOs. Sequencing of the Lec35 gene, recently termed MPDU1 (29) , from patients' fibroblasts revealed mutations in this locus known to be required for efficient use of Dol-P-Man and Dol-P-Glc in mammalian cells (29) . Importantly, the deficiency in the LLO biosynthesis in patients' fibroblasts was complemented by the expression of normal Lec35 cDNA. Our data define a novel type of CDG (CDG-If) caused by a defective Lec35 function.
Methods
Cell culture of patient cells. Primary fibroblasts isolated from a skin biopsy were grown in DMEM/F12 with high glucose levels (Life Technologies Inc., Paisley, Scotland), supplemented with 10% FCS. Epstein-Barr virustransformed (EBV-transformed) lymphoblasts (30) were grown in Iscove's modified DMEM with 10% FCS.
Analysis of serum transferrin. Isolectric focusing was done as previously described (31) .
Analysis of LLO. Fibroblasts were grown on 530-cm 2 plates to 90% confluence, washed with PBS, and preincubated in DMEM (Life Technologies Inc.) supplemented with 5% dialyzed FCS at 37°C for 90 minutes. Cells were then labeled in 80 ml of the same medium for 1 hour at 37°C by the addition of 175 µCi [ 3 H]mannose (Amersham Pharmacia Biotech, Freiburg, Germany). To terminate the labeling, cells were washed with ice-cold PBS twice and scraped from the plate in 10 ml methanol/0.1 mM Tris, pH 7.4 (8:3 vol/vol). Then 10.9 ml chloroform was added, the samples were vigorously mixed, and the cells were harvested by centrifugation at 5,300 g for 5 minutes. LLOs were extracted (12) and analyzed by HPLC as described (32) . To obtain standard oligosaccharide, exponentially growing yeast cells were labeled for a short time period in order to obtain labeled biosynthetic intermediates. LLOs were extracted as described (12) . However, the relative abundance of the different intermediates varied between different preparations.
For quantification of the relative abundance of the different oligosaccharide species, the radioactivity in a peak area was determined and compared to the sum of the radioactivity representing all LLO species. No correction was made for the relative abundance of mannose.
PNGaseF treatment of cellular protein and analysis of protein-linked oligosaccharide. Cells were grown and labeled as described for the analysis of LLOs. The cells were scraped from the plates in 2 ml methanol/0.1 mM Tris, pH 7.4 (8:3 vol/vol). After the addition of 5 ml chloroform and mixing, the samples were centrifuged at 5,000 g for 5 minutes. The interphase was carefully removed and LLOs were separated from proteins by extraction into chloroform/methanol/water (10:10:3 vol/vol/vol). After centrifugation, the resulting pellet containing the glycoproteins was dried under a stream of nitrogen to remove chloroform. Proteins were denatured by the addition of 200 µl of 1% SDS/2% 2-mercaptoethanol and incubation on ice for 30 minutes. Oligosaccharides were cleaved from protein by adding 500,000 U/ml PNGaseF (New England Biolabs Inc., Beverly, Massachusetts, USA) in 30 µl of 0.5 M potassium phosphate, pH 7.5, and 60 µl 10% Nonidet-P40 and incubating overnight at 30°C. Proteins were removed from oligosaccharides by precipitating them with 600 µl ethanol. Then, the samples were dried under a stream of nitrogen and resuspended in 60 µl of water. Before HPLC analysis (see above), samples were filtered through an Ultrafree MC filter (Durapore; Millipore Corp., Bedford, Massachusetts, USA).
Analysis of total dolichol-P levels. Dolichol-P (Dol-P) was extracted as described (33) . EBV-immortalized cells were grown to an approximate cell number of 10 9 . Cells were pelleted and resuspended in 6 ml H 2 O. Dolichyl-18-P (6 µg) in a small volume of hexane was added as an internal standard. The cell suspension was then subjected to strong alkaline hydrolysis (3 M KOH in 40% methanol, 100°C, 60 minutes). Dol-P was extracted by the addition of 6 ml methanol and 24 ml dichloromethane to the hydrolysate, and the mixture was incubated for 1 hour at 40°C. The organic (lower) phase was removed and washed four times with equal volumes of dichloromethane/methanol/water (3:48:47) . The washed organic phase was dried under N 2 , and the lipids were dissolved in 10 ml methanol/water (98:2) containing 20 mM H 3 PO 4 . A C-18 Sep-Pak (2 ml) was equilibrated with 10 ml methanol/water (98:2) containing 20 mM H 3 PO 4 , and the lipid extract was applied to the column. The column was washed with 10 ml methanol/water (98:2) containing 20 mM H 3 PO 4 and then with 10 ml methanol/water (98:2). Dolichol and Dol-P were eluted with chloroform/methanol (2:1), and the eluate was adjusted to 0.5% NH 4 OH (vol/vol). A silica Sep-Pak (2 ml) was equilibrated with 40 ml chloroform/methanol (2:1) containing 0.5% NH 4 OH, and the dolichol-and Dol-P-containing sample was applied to the column. Dolichol was removed from the silica Sep-Pak in 20 ml chloroform/methanol (2:1) containing 0.5% NH 4 OH, and Dol-P was eluted with 30 ml chloroform/methanol/water (10:10:3). Samples were dried under N 2 and resuspended in the mobile phase solvent mixture. The Dol-P fraction was separated into single isoprenologues on a Merck LiChrospher (Merck KGaA, Darmstadt, Germany). 100 reverse-phase C-18 column (5 µm, 4 × 12.5 mm) equilibrated with the mobile phase for 1 hour using a Merck/Hitachi L-6200A Intelligent pump (Merck KGaA). The mobile phase (isopropanol/methanol/water, 65:30:5, containing 20 mM H 3 PO 4 ) was run at a flow rate of 1 ml/min. Samples were injected using an autosampling device (Merck/Hitachi AS-2000A). Dol-P was detected by absorption at 214 nm with a Merck/Hitachi L-4250 UV-VIS detector.
Genomic PCR and sequence analysis. The genomic structure of the human Lec35/MPDU1 gene was deduced by searching GenBank using the basic local alignment search tool (BLAST) algorithm with the human Lec35 cDNA, and exon and intron boundaries were determined. The regions containing the exons 1 to 7 were amplified by PCR using genomic DNA and the following primers: 5′-ACG AAA GTC AAT GGC GGT CTG-3′ and 5′-CGT CAC TTA GTC GCC GAT CAA G-3′ for exon 1; 5′-CTG GCC TGG GTT TCA GAC ATC-3′ and 5′-CCA CTT TGC TGC CTT GTA ACC TC-3′ for exons 2 and 3; and 5′-CAG AGC ATA GTG TCC CTG GAT GG-3′ and 5′-GAG GAT GAG TAA GTC ACA CCA GCA G-3′ for exons 4 through 7. Conditions for the amplification protocol are available upon request. PCR fragments of the expected size of 238 bp for exon 1, 487 bp for exons 2 and 3, and 1,048 bp for exons 4 through 7 were purified, and sequences were determined as described previously (17) .
Expression of Lec35 cDNA in primary human fibroblasts. An expression cassette including the Lec35 cDNA flanked by the cytomegalovirus (CMV) promoter and the SV40 polyA signal derived from the pcDNA3.1 vector (Invitrogen Corp., Carlsbad, California, USA) was subcloned into the pBABE-hygro retroviral shuttle vector (34) . Amphotropic recombinant retrovirus was generated by Lipofectaminemediated (Invitrogen Corp.) transfection of the packaging CAK8 cell line with 5 µg of the respective retrovirus DNA constructs (35) . The culture medium of transfected cells was recovered after 48 hours and used as retrovirus suspension. Human primary fibroblasts were infected at a moi of 10 in the presence of polybrene at 4 µg/ml for 5 hours. Hygromycin B (20 µg/ml) selection was started 48 hours after infection.
Results
Identification of the patients. The primary clinical and laboratory data of the three unrelated patients are listed in Table 1 . In summary, patient S had intractable seizures from birth. He had severe feeding difficulties necessitating nasogastric feeding. Psychomotor development was absent. He showed persistent oxygen dependency from the age of 4 months, and developed ascites progressing to anasarca during the last months of his life. There was no hypoalbuminemia and no evidence of cardiac or pulmonary pathology. He developed patchy desquamation over his entire body. His seizure activity worsened, and this was accompanied by recurrent apnea leading to his death at the age of 10 months. Patient L was admitted to hospital at the age of 5 months for attacks of hypertonia, a congenital disabling ichthyosis-like skin disorder and psychomotor retardation. Because of low serum cholesterol, a tentative diagnosis of hypo-β lipoproteinemia was made. Skin biopsy showed nonspecific changes. She was seen again at 2 years and 4 months with the same symptoms and, in addition, growth retardation. She was next seen at the age of 16 years. She had severe dwarfism, psychomotor retardation (developmental level of 1 year), and unchanged skin disease. Laboratory investigation showed a normal growth hormone response. Serum transferrin isoelectro focusing revealed increased disialotransferrin, suggesting a diagnosis of CDG (Figure 1a) . Patient A is a boy with severe psychomotor retardation but no growth or skin problems. At 15 months he had generalized seizures that responded well to valproate. At the age of 10 years his psychomotor developmental age is about 2.5 years.
The isoelectric focusing of serum transferrin from the three patients revealed hypoglycosylation of the protein in a type 1-like pattern (36) (Figure 1a) . Phosphomannomutase and phosphomannose isomerase activities in patients' fibroblasts were found to be normal, excluding CDG-Ia and CDG-Ib (data not shown). Accumulation of intermediates in LLO biosynthesis in patients' fibroblasts. Based on the isoelectric-focusing pattern of serum transferrin (Figure 1a) , we concluded that there was a defect in oligosaccharide core assembly or in its transfer to protein in these patients. Therefore, we analyzed the LLO isolated from patients' fibroblasts. A specifically altered LLO profile can be diagnostic for a given type of CDG-I. Figure 1,  b- (Figure 2) . In all cells, we detected a major peak comigrating with the Man 9 GlcNAc 2 oligosaccharide standard and minor peaks comigrating with Glc 1 Man 9 GlcNAc 2 , Man 8 GlcNAc 2 , and Man 7 GlcNAc 2 oligosaccharides. Analysis of NLO from cells that were grown in the presence of deoxynojirimycin as glycosidase inhibitor supported the assignment of these peaks and suggested that complete Glc 3 Man 9 GlcNAc 2 was transferred to protein in all patients' fibroblasts (data not shown). These different oligosaccharide species can be explained by the action of deglucosylating enzymes (38) and ER-localized mannosidases (39) as well as UDP-glucose-dependent glucosyltransferase (40) on the complete Glc 3 Man 9 GlcNAc 2 oligosaccharide transferred to protein. Interestingly, we observed a novel group of protein-bound oligosaccharides in patients L and S. A putative Man 5 GlcNAc 2 oligosaccharide represented the major peak, but signals comigrating with the Man 4 GlcNAc 2 and the Man 6 GlcNAc 2 were also present. Experiments using deoxynojirimycin inhibitor are compatible with the hypothesis that these N-linked oligosaccharides derived from the transfer of Glc 3 Man 5 GlcNAc 2 to protein (data not shown).
Normal Dol-P levels in patients' fibroblasts. Mutations that affect the synthesis of the lipid carrier Dol-P can severely affect the N-glycosylation pathway (41, 42) .
Therefore, Dol-P was analyzed both quantitatively and qualitatively in immortalized lymphoblasts from patient L and from a control subject. These lymphoblasts exhibited the same LLO pattern as the primary fibroblasts derived from the same patient (data not shown). Human dolichol and dolichylphosphate has a chain length of 17-21 isoprene units (43) (Figure  3 ). Dol-P standards isolated from yeast cells served as a marker for the chain length of the Dol-P, and Dol-P composed of 18 isoprene units (Dol-18-P) was added as an internal standard before extraction. As shown in Figure 3 , patient L contains very similar levels of Dol-P as compared with the control subject, and the chainlength distribution also is the same in patient L and in the control subject. From this we concluded that biosynthesis of Dol-P was not affected. glycosylphosphatidylinositol (GPI) anchor biosynthesis (data not shown) but normal Dol-P levels in patients' fibroblasts suggested a deficiency in Dol-PMan synthesis or use. However, the presence of significant levels of lipid-linked Man 9 GlcNAc 2 oligosaccharide (in patient S and A) also suggested a deficiency in Dol-P-Glc use. Such a phenotype, not known in mutant yeast cells, was reminiscent of deficiencies detected in Chinese hamster ovary-derived (CHO-derived) Lec35 mutant cells (29) . Therefore, the seven exons of the Lec35/MPDU1 locus were amplified from patient-derived genomic DNA, and their sequence was determined. Indeed, in all three patients mutations were found (Figure 4 ). Patient A is homozygous for a T→C substitution at position 356 (cDNA-ORF), leading to an amino acid change (L119P), and patient S is homozygous for a G→A substitution at position 218 (G73E). Patient L was heterozygous for two different mutations in the Lec35/MPDU1 locus, the parental origin of these two mutations was determined by sequencing parental Lec35/MPDU1 loci. A 2T→C substitution changing the initiating methionine to threonine (M1T) was of maternal origin, and a deletion of a C at position 511 (511delC) leading to a frameshift was the paternal allele. We postulated that the mutations in the Lec35/MPDU1 gene of the patients are the cause for the CDG phenotype observed. This is supported by the observation that the deduced Lec35 protein sequence from five control individuals and from 46 assembled EST sequences available in the databases do not contain polymorphisms.
Mutations in the LEC35/MPDU1 locus of patients' cells. The deficiencies in both N-linked glycosylation and
Complementation of the Lec35/MPDU1 mutation in primary patients' fibroblasts. To demonstrate the direct relation between the Lec35 deficiency and the glyco-
Figure 3
Analysis of total Dol-P levels in a healthy individual (control subject) and patient L. Dol-P was extracted from approximately 10 9 EBVtransfected lymphoblasts grown in liquid culture and analyzed. Isoprenologues were separated by HPLC and detected using an ultraviolet detector at 214 nm. Dol-P composed of 18 isoprene units (Dol-18-P) was added to the cells before extraction and served as a qualitative and quantitative marker. Dol-Ps isolated from genetically tailored yeast cells served as standards for the Dol-Ps composed of 15-21 isoprene units (Dol-P standards). The chain length of the isoprenologues is indicated above the peaks.
Figure 4
Alignment of the primary sequence of Lec35 proteins from human (Homo sapiens, GenBank accession no. XP_008236), mouse (Mus musculus, accession number Q9R0Q9), hamster (Cricetulus griseus, accession no. Q60441), worm (Caenorhabditis elegans, accession no. AAA83473), and plant (Arabidopsis thaliana, assembled from genomic clone AF147262). Regions conserved in the five proteins are shaded in black, and residues that are conserved in four proteins are shaded in gray. The amino acid substitutions and the change of reading frame detected in CDG-If patients are indicated above the human sequence. The line following the ∆-mark for the mutation 511delC shows the portion of the polypeptide translated in another reading frame before a stop codon appears (vertical line).
sylation disorder, a Lec35 expression cassette was introduced (the CMV promoter was used to drive Lec35 cDNA expression) into the primary patients' fibroblasts using a retroviral vector. A retroviral vector expressing a hygromycin B resistance gene alone was used as a negative control in these experiments. To visualize complementation, the accumulation of LLOs was determined. Patients' cells transfected with the control vector retained the underglycosylation phenotype, characterized by the accumulation of lipid-linked Man 5 GlcNAc 2 and Man 9 GlcNAc 2 as the main oligosaccharides. By contrast, patients' cells infected with the Lec35-expressing retrovirus showed a restored normal LLO profile, primarily the mature lipid-linked Glc 3 Man 9 GlcNAc 2 oligosaccharide was detected ( Table 2) .
Discussion
Here we present the identification of mutations in the Lec35/MPDU1 gene, recently located on chromosome 17 and termed MPDU1 (29) , as the primary cause for a novel type of CDG, to which we assign the designation If. At a cellular level, this type of CDG-I is characterized by the accumulation of a defined set of intermediates in LLO biosynthesis: the Man 9 GlcNAc 2 and the Man 5 GlcNAc 2 oligosaccharides were the major species detected, but complete Glc 3 Man 9 GlcNAc 2 oligosaccharide was also detected. Interestingly, the Glc 3 Man 5 GlcNAc 2 was observed in fibroblasts derived from patient S. This oligosaccharide is transferred to protein, because we detect protein-bound oligosaccharides that derived from this incompletely assembled but glucosylated OTase substrate in patient A-and S-derived fibroblasts.
In this limited sample of patients, the severity of the clinical phenotype correlated with the accumulation of intermediates of core oligosaccharide and with the transfer of truncated oligosaccharides to protein: patient S, homozygous for a mutation that alters a conserved residue in the Lec35 protein sequence, has the most severe deficiencies at the cellular and molecular level. The very dramatic clinical picture reflects this. In patient L, we detected heterozygous mutations that either eradicate the start codon on the maternal allele or lead to a frameshift resulting in the expression of a hydrophilic instead of a very hydrophobic C-terminal part of the Lec35 protein from the paternal allele ( Figure 4) . We hypothesize that neither of these two alleles express functional Lec35p; however, we cannot exclude the possibility that the truncated Lec35 protein remains partially active. We assume that the absence of Lec35p function is tolerated at a cellular level, and to a certain extent, also at the systemic level. This observation is supported by the existence of mutant CHO cells that do not harbor a functional Lec35/MPDU1 allele (29) .
The ability to complement the deficiency in LLO biosynthesis in patient-derived cells by expression of a normal Lec35 cDNA shows that the Lec35 deficiency is the primary cause of the disease.
Mutant Lec35 CHO cell lines were shown to accumulate the Man 5 GlcNAc 2 LLO intermediate and to be unable to produce Man 6 GlcNAc 2 or longer intermediates, although the substrates for these reactions, Dol-P-Man and Dol-P-Glc, were present and the glycosyltransferase activities seemed to be normal (44, 45) . A recent analysis of the Lec35 mutant phenotype showed that the use of Dol-P-Man in the process of C-mannosylation and GPI anchoring and Dol-PGlc-dependent reactions in the ER also require Lec35p activity in vivo. Interestingly, the deficiency can be complemented in vitro by the addition of detergent (29) . The accumulation of the lipid-linked Man 9 GlcNAc 2 in patients' fibroblasts (Figure1) supports the finding regarding Dol-P-Glc use. We also observed a reduced level of the GPI-anchored CD59 protein at the cell surface of fibroblasts of two patients, suggesting a deficiency in GPI-anchor biosynthesis (data not shown). However, the simultaneous build-up of Man 5 GlcNAc 2 , Glc 3 Man 5 GlcNAc 2 , Man 9 GlcNAc 2 , and Glc 3 Man 9 GlcNAc 2 (patient S, Figure1) is not explained by a shortage of either Dol-PMan or Dol-P-Glc and also makes a deficiency in a Dol-P-Man or a Dol-P-Glc "flippase" (46, 47) activity in these cells unlikely. Instead, it implies that these substrates are present, but cannot be used efficiently. As suggested by Lehrman and coworkers (29), we consider the role of the Lec35 protein as a dolichol chap- The abundance of an LLO species relative to the sum of all LLOs isolated from the transformed patient cells indicated in the first column is given. Only values above 10 are shown. Mean values with SD from three experiments are given, except for control cells transformed with vector virus, where the mean value from two experiments is shown.
erone required for the lateral distribution of Dol-PMan and Dol-P-Glc within the ER membrane. Studies on the influence of dolichol and its derivatives on the properties of model membranes revealed that these molecules do not distribute homogeneously in the lipid bilayer but might aggregate and form clusters within the membrane (48, 49) . We propose that in the absence of the Dol-(P) chaperone Lec35p, specific Dol-P-Man and Dol-P-Glc clusters (or rafts) form within the membrane at the place of their synthesis and translocation. Within the framework of our hypothesis, the aggregation of these components required for the synthesis of the LLO substrate reduces the relative local concentration of the different substrates. When two such rafts come in close contact with each other, the biosynthesis can continue: if the Dol-PP-Man 5 domain encounters a Dol-PMan domain, synthesis up to Dol-PP-GlcNAc 2 Man 9 proceeds; if a Dol-P-Glc raft is in close proximity, synthesis of the Dol-PP-GlcNAc 2 Man 5 Glc 3 occurs. The limited access of the OTase complex to the completely assembled, but aggregated, Glc 3 Man 9 GlcNAc 2 oligosaccharide might be an additional reason for the hypoglycosylation observed in CDG-If patients, because completely assembled oligosaccharide was detected in patients' fibroblasts. The identification of mutations in the Lec35/MPDU1 locus as the cause of a severe form of CDG (CDG-If) would not have been possible without the knowledge gained from mutant CHO cells altered in the N-linked glycosylation process (29, 44, 45, (50) (51) (52) . Conversely, the analysis of the deficiencies observed in CDG-If patients might lead to an understanding of Lec35 function at a cellular and molecular level. Mutant cell lines will be a valuable tool to experimentally address the function of Lec35p, but the impact of its deficiency at the systemic level may only be clarified by targeted gene disruption in mice.
